Microstructural features of LM25 alloy processed by two different routes: (1) conventional casting, and (2) shear casting based on inclined heated surface are studied. The microstructures of the primary phase for the shear-cast samples show rosette or ellipsoidal morphologies. Heat transfer of contacting melt with the inclined tube surface and shear stress exerted on the layers of the melt as result of gravitational force are crucial parameters for the microstructural evolution. Compared to those produced by conventional casting, shear-cast samples have a much improved tensile strength and ductility due to globular microstructure.
Introduction
Since the advent of metal casting, solidification of alloys has been treated as a natural process. Nearly 39 years have since elapsed after the initial experiments of Spencer (Ref 1) on Sb-15% Pb alloy with semisolid metal processing which has clearly demonstrated that the solidification process can be manipulated positively and effectively by external means to achieve the preferred microstructure (Ref 2, 3) . Many studies have been conducted to understand the fundamentals of microstructural evolution and engineering aspect of semisolid processing. A range of reviews are available in the literature (Ref [2] [3] [4] [5] [6] . Several variants of applying shear force to break the dendrites during solidification have been suggested (Ref 3) . Continuous shear during solidification leads to rosette or spherical morphology (Ref 2) , which is beneficial for the enhancement of mechanical properties. Today semisolid processing has established itself as a scientifically sound technology for the production of metallic components of high integrity and graceful performance in service.
Nonetheless, even now interest is still being shown in developing the semisolid process, with the intent of making it technologically simple and viable. One route suggested is the processing of the alloy by using inclined, controlled heated plates . This process involves low shear rates while melt is flowing on the inclined surface. The process is attractive due to the versatility expected, ease of processing, and economic aspects that have been the limiting factors to a great extent in the development of semisolid processing. Studies have been performed to examine the effect of length and angle of slope on the evolution of the morphology of the grains ( Ref 7, 13, 14) . Legoretta et al. (Ref 15) have investigated the effect of the flow behavior on the solidification process using analogue system. Studies carried out so far has been helpful to some extent in understanding the complicated microstructural evolution during inclined low-shear processing of the alloys. However, the explanation for the various stages of the development of the microstructure during flow still remains ambiguous.
Post-forming heat treatment is one of the key parameters for improving the mechanical properties of cast parts. The heat treatment cycles that are currently applied to semisolid-processed components are mostly those which are used for the conventionally cast components having dendritic structure. These heat treatments are not necessarily optimal treatments, as the differences exist in the solidification history and the microstructure of rheo and conventionally cast samples (Ref 16) .
Hence, the present study was undertaken with the aim to examine the effect of low-melt shearing on LM25 alloy having wide semisolid range. The prime objective of the study is to analyze possible relationship of the shear force, the heat transfer, and the flow behavior during inclined low-shear processing with modification of primary phase and to investigate the role of microstructural changes of the as-processed samples on the mechanical properties of the alloy. The efforts have been undertaken to optimize the T6 heat-treatment parameters for low-sheared, rheo-processed LM25 alloy. The study will provide some insight into the microstructural development during inclined low-shear processing.
Experimental

Alloy Used
The composition of the aluminum-based LM25 alloy used in the present investigation is presented in Table 1 . The given alloy was chosen for the study because it has a larger freezing range (liquidus and solidus are at 615 ± 2 and 577 ± 2°C, respectively) which enables a better control of the shear and fraction of solid in the semisolid range and the microstructural development could be studied precisely. For some experiments, sodium was added to modify the coarse platelet morphology of the eutectic silicon. Figure 1 shows the set-up used to study the effect of processing on the microstructure of the LM25 alloy flowing on an inclined siliminide tube. The length of the slope was 2 m, and inclination was varied from 10°to 30°. The siliminide tube was enclosed in a steel casing with a refractory coating. The siliminide tube was painted with Zirconia over its inner diameter to avoid sticking of the metal to the tube. The temperature at the pouring end of the slope was maintained below liquidus and the exit end near to the solidus of the alloys to be cast.
Inclined Set Up
Rheocasting
A charge of $1.5 kg of aluminum alloy was melted at 700°C with an induction furnace. The hexachloroethane was added to reduce the hydrogen content before pouring down the slope. Approximately at 10°C superheat, the alloy was poured on the siliminide tube. The semisolid slurry obtained at the lower end was cast in sand and graphite molds ð12 u Â 150 l mm 2 ). Samples produced by this method are referred as ''shear-cast'' samples. The sand and graphite molds were preheated to get rid of moisture. For comparison with the shear cast results, some samples were cast directly into the mold without the slope (i.e., conventionally cast). Few experiments were conducted for Na-modified LM25 alloy by the inclined set up and compared with the conventionally cast alloy.
Heat Treatment
The shear-cast specimens were heat treated using T6 heat treatment. Solution heat treatment was performed at 540°C for 4, 6, and 8 h; followed by a water quench (25°C). The samples were then artificially aged at 150, 175, 200, and 225°C for 2, 4, 8, 12, and 16 h.
Metallography and Mechanical Testing
The small ingot samples from the shear cast and the conventionally cast experiments were sectioned for metallographic analysis. The specimens for microscopical observation were prepared by the standard technique of grinding with SiC abrasive papers, polishing with diamond paste, and etched in KellerÕs reagent to reveal the morphology. The microstructures were examined using an optical microscope (Leica, DMLM, Germany). The shape factor or sphericity (S) of primary a-Al particles was calculated using the equation:
where A and P are the total area and the peripheral length of the primary particles on the plane of polish surface, respectively. Therefore, S is 1 for perfectly spherical particles. For tensile testing, the specimens were prepared as per ASTM standard (E8M). The tensile tests were performed using Tinius Olsen H50K-S testing machine (USA) with a strain rate of 10 À3 s
À1
. The fractured surfaces of the tensile specimens were observed under scanning electron microscope (JEOL JSM-5800). Hardness of the shear-cast and the heat-treated samples were measured with Vickers hardness tester (UHL VMHT MOT, Germany) using a load of 49 N. At least four specimens were tested to ensure reproducibility of the results.
Results and Discussion
Microstructural Assessment of Primary Phase
Representative optical micrographs of LM25 and Na-modified LM25 obtained from the conventionally cast and the shear-cast samples are presented in Fig. 2 and 3 , respectively. Microstructures of the shear-cast sample show significant difference in comparison to the conventionally cast samples with respect to the morphology of primary phase. In the shear-cast sample, the primary solid phase is present as rosette or ellipsoid (Fig. 2c-h, 3b, c) , whereas for the conventionally cast sample it is in the classical form of dendrites (Fig. 2a, b) . The microstructural features of the shear and conventionally cast samples are summarized in Table 2 . Higher value of the shape factor for the shear-cast sample indicates a significant improvement in the morphology of primary a-Al particles. A higher thermal conductivity of the graphite compared to the sand mold resulted in smaller size particles. The shape factor shows higher values for the alloy cast at higher inclination angle. The fraction of solid of a-Al phase decreases with increasing angle of inclination.
The Basic Effect of the Slope
Solidification sequence involved in the inclined low-shear processing is a complex combination of heat-fluid flow-mass transfer in the liquid and/or solid state. Heat transfer of contacting melt with the inclined tube surface and shear stress exerted on the layers of the melt as result of gravity force are crucial parameters to change the microstructure. When the molten alloy first touches the slope, it forms an ''elliptical impact zone'' where material is spread. The impact zone on the slope is thought to be the principal source of nuclei (Ref 12) . In the first instance, solidification can start on the surface of siliminide tube when the melt temperature falls below the liquidus. During the movement of the melt, the exerted shear stress due to gravity leads to detachment of the newly formed a-Al phase from the surface or breaking of dendrite arms which are growing on the surface of the tube. The detachment of crystals from the surface of the inclined tube can also occur as a consequence of the solute segregation in the solidification front taking place during solid growth in a metallic alloy. The difficulty of the segregated solute atoms to disperse in the liquid is higher in the region of roots of the crystal in contact with the tube surface. This leads to smaller interface undercooling and results in lower growing rate in this region. As a consequence of this local deceleration of the growing rate a necking is developed; the necked crystal can now easily be detached from the surface where it lies (Ref 17). As the pouring continues, such initial crystals can be detached from the surface and join the melt downward. The free surface of the tube can now promote new nucleation, and successively crystals are formed and detached from this surface which can then be considered a ''source'' of nuclei. However, it can be argued that due to shearing process, on cooling the melt below solidification temperature, the nucleation of the primary phase may also take place throughout the melt. Some authors (Ref 7) have reported the formation of three layers during flow of the melt over the inclined surface. Bottom layer connected to the surface of the tube is a solid layer containing the primary solid phase. The middle layer is a semisolid suspension containing the melt and the growing primary solid phase. The top layer contains the molten alloy in which the rate of heat transfer is higher than that in the middle layer. The heat and solute would be transported because of the convection induced by the shearing. This would lead to lowering of the overall undercooling in front of the growing solid. At low undercooling, the interface of the fragmented dendrites and the freshly nucleated particles would grow as cellular morphology which is likely to be more stable because of the convection levels. These a-Al particles are distributed in the melt during flow, and thus, we see the rosette or spherical cells in the microstructure of the shear-cast sample. Subsequently when the primary solid has grown to some extent because of the overlapping of thermal and solute fields, the undercooling temperature gets still lowered leading to the stable front growth and precluding the formation of dendrites.
Effect of Angle of Inclination
Based on NewtonÕs second law for balance of forces, the shear stress (s o ) exerted by the surface of the tube on the flowing melt is given by Southard (Ref 18)
where c is specific weight of the liquid, a is the angle of inclination, and R H is hydraulic radius formed by dividing the cross-sectional area of the flow by the wetted perimeter. By increasing the angle of inclination, the intensity of the shear stress increases as predicted by Eq 2. As a result, more solid particles are detached from the bottom layer or are broken in the middle layer. Therefore, higher numbers of solid particles are formed into the melt which is flowing over the surface of inclined tube. When the inclination angle is higher, the fluid flow rate will tend to be high and enhances the rosette/ellipsoidal morphology. Finally these formed solid particles accompanied the remaining melt which poured into the mold, and a globular microstructure is produced. This is reflected by the higher shape factor values for the alloy cast at higher inclination angle. On the other hand, durations of the exerted shear stress and the heat transfer between the melt and the surface of inclined tube are decreased by increasing the angle of inclination. Hence the number of primary solid particles and in turn a fraction of solid phase formed in the flowing melt over the surface of inclined tube decreases. The vertical distribution of the shear stress and velocity during the melt flow are shown in Fig. 4 along with the schematic of the microstructural development.
Mechanical Properties
It is well known that both the structure and properties of cast specimens are sensitive to the processing technique. The tensile test values obtained for the conventionally cast and the shear-cast samples for different slope angles are given in Table 3 . Compared with the conventional cast process, the shear-cast process provides samples with a slightly higher ultimate tensile strength (UTS) and higher tensile elongation. The elongation of the shearcast samples is approximately 100% higher than that of the conventionally cast samples. This is a very important feature of the shear-cast process. Table 3 shows a comparison of properties from tensile tests for Na-modified LM25 samples processed by the two techniques.
The obtained values clearly demonstrate that the shear-cast process offers better tensile properties than the conventional-cast process in terms of increased strength and ductility simultaneously. The enhancement of the morphology achieved by the shear-cast process directly impacts on the properties of the cast material. The tensile fracture surfaces are helpful in elucidating the microstructural effects on the ductility and fracture properties of a material. The fractograph of the shearcast LM25 alloy is depicted in Fig. 5 . Fracture surface of the alloy shows ductile fracture with various sizes of dimples, indicating superior plastic deformation that occurred before fracture.
The influences of different solution heat treatment durations and artificial ageing treatment on the LM25 alloy hardness is presented in Fig. 6 . The measured hardness values of the shearcast (inclination 20°) LM25 alloy are 65 ± 3 and 75.5 ± 3 Hv for the sand and graphite molds, respectively. As expected, maximum hardness is reached in a shorter time as artificial aging temperature is increased. For the samples aged at 150°C, the hardness of the specimen increases with increasing aging time until the peak hardness is attained. Then the hardness tends to decrease upon further aging. For the samples aged at 175 and 200°C, hardness values are fairly constant after reaching the peak value, whereas hardness values decrease continuously for the samples aged at 225°C. In case of the heat-treated Al-Si-Mg alloy, the mechanism of hardening is related with the precipitation of magnesium silicide (Mg 2 Si) ( Ref 19) . Si and Mg phases form a supersaturated solid solution in Al phase, and 
Conclusions
The results of the above study lead us to the following conclusions:
1. Rosette or globular structures were possible to obtain with low-shear rheocasting. This was attributed to the heat and solute transports due to the convection induced by the shearing and breaking down of the dendrite arms by shear stress. 2. The exerted shear stress increases with the increasing inclination angle of the tube. The increased shear stress enhances the morphology of a-Al phase. 3. A good combination of the improved UTS and the tensile elongation is obtained for the shear-cast samples compared with the conventionally cast samples. 4. T6 heat treatment can strengthen the shear-cast LM25 alloy, with a peak hardness value of 100 ± 3 Hv, when aged for 12 h at 150°C. 
